We demonstrate how x-ray nonresonant magnetic scattering can be successfully used to study long-rangeordered spin-1 2 moments in cuprates. We studied the antiferromagnetic state characterized by q AF = ͑ 
The antiferromagnetic ͑AF͒ ground state in the parent compound of cuprate-based superconductors, such as lanthanum copper oxides ͑La 2 CuO 4+␦ ͒, has been well characterized by neutron-scattering measurements. [1] [2] [3] These measurements found magnetic ordering characterized by the wave vector q AF = ͑ 1 2 , 1 2 ,0 ͒ , which disappears above a temperature where a peak in the magnetic susceptibility in these compounds is observed. In the case of yttrium barium copper oxides ͑YBa 2 Cu 3 O 6+x , YBCO͒, however, susceptibility measurements on insulating compounds with low oxygen concentrations showed no obvious signs of any phase transition into a magnetically ordered state. Although early muon spin relaxation ͑SR͒ measurements 4 indicated a magnetically longrange-ordered state in YBCO with low oxygen concentrations, it was not until neutron diffraction studies [5] [6] [7] [8] [9] [10] were carried out that the magnetic structure of these materials was revealed. These studies showed that the AF state in YBCO is also characterized by the wave vector q AF . This magnetic structure corresponds to a doubling of the chemical unit cell within the square CuO 2 layers ͑ab planes͒, with the ordered copper moments aligned in these planes. However, some of these studies 10, 11 observed a second magnetic transition in YBCO with an O concentration of x ϳ 0.35, at a temperature well below the Néel temperature, characterized by a wave vector ͑ ͒ , indicating an additional doubling of the unit cell along the tetragonal c-axis. This low-temperature phase is due to the ordering of moments in the O-deficient CuO chains located in between next-nearest-neighbor CuO 2 planes. Although the understanding of this low-temperature ordered phase is very poor in the context of the electronic phase diagram, such a magnetic state is unlikely to occur at low O concentration as the number of moment-bearing Cu 2+ ions in the O-deficient chains decreases with compositions approaching that of the stoichiometric YBa 2 Cu 3 O 6 . Furthermore, this magnetic phase was found to be very sensitive to the O stoichiometry, chemical and structural homogeneity of the samples.
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A technique, such as magnetic scattering of x rays, 12-14 is well suited for studying such phenomena in small but highquality single-crystal samples. At third-generation synchrotron facilities, a focused undulator beam has sufficient brilliance for measurements on samples with submillimeter dimensions. Since sample homogeneity and quality are, in general, superior in small crystals, one may eliminate spurious effects associated with sample inhomogeneity. To date, however, x-ray magnetic scattering studies of copper moments in pure YBCO compounds have not been successful because of the weakness of scattering cross section relative to Thomson scattering, insufficient suppression of background, and poor sample quality. In this work, we have succeded in observing the magnetic ground state of 3D-ordered copper moments in two well-prepared crystals of YBCO with nominal compositions of x ϳ 0.20 and x ϳ 0.14, respectively, using nonresonant magnetic scattering of x rays. A long-range-ordered ͑correlation length, ϳ 1000 Å͒ AF state characterized by q AF was clearly observed in both cases. Polarization analysis and momentum dependence of the magnetic Bragg peaks are consistent with a nonresonant scattering cross section of x rays. We looked for the low-T magnetic structure characterized by ͑ ͒ in the sample with x ϳ 0.20 and did not find any evidence within our detectibility limits at ϳ10 K. Although it is not conclusive, based on an earlier study 10 and our observation, we can speculate that at this temperature either an ordered celldoubling magnetic phase is not stable for O concentrations less than some cutoff that must be greater than x = 0.20, or the magnitude of the ordered copper moments in the chains is substantially smaller than 0.5-0.6 B per copper in the CuO 2 planes. 5, 6 Magnetic scattering studies were carried out on the 4ID-D beamline of the Advanced Photon Source. A monochromatic beam from a double-bounce Si͑1 1 1͒ crystal monochromator was foucused vertically and horizontally by a Pd mirror to a spot size of 150 m ϫ 200 m, delivering ϳ10 13 photons/ s at the sample. Since the magnetic scattering is extremely weak and detecting nonresonant scattering from ordered spin-1 2 moments is a formidable task, we focused on eliminating the charge-scattering contribution as much as possible. First, we used a Ge͑1 1 1͒ analyzer crystal to improve resolution and reduce background. Then a pyrolytic graphite ͑PG͒ crystal was placed after the Ge analyzer so that the PG͑006͒ reflection could be used as an x-ray polarization analyzer. 15 This setup kept the background count rate to a very low ϳ0.2 counts/ s. The synchrotron x rays from the undulator are linearly polarized in the orbital plane ͑horizon-tal͒ of the storage-ring electrons. With respect to the vertical scattering plane employed in this work, this state of polarization is designated as . Unlike Thomson scattering, magnetically scattered photons develop a component of polarization in the vertical scattering plane ͑ polarization͒. In order to get the maximum suppression of charge scattering, we chose the incident energy to be 7.848 keV ͓ B Ϸ 45°for the PG͑0 0 6͒ reflection͔ at which point the contributions from -polarized scattered photons can be efficiently suppressed by setting the PG crystal to diffract at 90°with respect to the vertical scattering plane ͑ channel͒. When the PG crsytal diffracts within the vertical plane unrotated -polarized photons are detected ͑ channel͒. Figure 1 gives a schematic of the polarization analysis setup. We note that magnetic scattering was also observed without the use of the Ge analyzer since the key element was the exact polarization analyzer. However, the resolution and the peak-to-background ratio were not as good.
The single crystals studied were grown by the self-flux 16 method. They were ϳ70-m-thick rectangular plates with dimensions of 2 mmϫ 3 mm ͑x ϳ 0.14͒ and 1 mmϫ 1 mm ͑x ϳ 0.2͒, respectively. In order to ensure homogeneity of oxygen concentration the samples were appropriately annealed at 550°C as described in Ref. 16 . This process is known to produce extremely homogeneous thin crystals of YBCO. The tetragonal c axis was normal to the large facet. The crystals were of high quality with a sample mosaic of ϳ0.04°. Although the lateral dimensions of the crystals are large, the probed volumes were limited to a size of approximately 200 m ϫ 200 m ϫ 10 m due to small beam size and absorption. The crystals were aligned so that the crystallographic directions ͓1 1 0͔ and ͓0 0 1͔ are both in the vertical scattering plane. This orientation allowed for reciprocal lattice scans in the ͓H H L͔ zone to be carried out in the asymmetric Bragg reflection geometry. Scans in arbitrary directions through the accessible AF points, such as ͑ ,0 ͒ , is clearly observed. The peak is resolution limited in both the ͓110͔ and ͓001͔ directions ͓Figs. 2͑a͒ and 2͑b͔͒. The halfwidths-at-half-maximum are 0.0006 r.l.u. and 0.0025 r.l.u., respectively, indicating longer correlation lengths ͑ϳ1000 Å͒ than those revealed by neutron-diffraction studies. The transverse scan ͓Fig. 2͑c͔͒ shows a width of ϳ0.04°, which is comparable to the sample mosaic. Since the scattered photons in this channel have changed their state of polarization from to and the scattering is observed at an x-ray energy far away from any resonances ͑i.e., x-ray absorption edges͒ we can conclude that the peak is magnetic in origin.
The observed count rate is 1 -3 counts/ s with a peak to background ͑average count rate away from the peak͒ ratio of 4-5, which should be compared with those in earlier neutron-diffraction studies. [5] [6] [7] [8] [9] [10] In those studies count rates varied between 0.3-7 counts/ s with peak-to-background ratios in the range of 1-10. The count rate observed in the present study is consistent with the work by Hill and co-workers 17 on PrBa 2 Cu 3 O 7 ͑PBCO͒, where magnetic scattering was resonantly enhanced twofold by tuning the x-ray energy to the Cu K edge. No direct observations of nonresonant magnetic scattering in their work were made.
In the absence of any orbital component to the magnetic moment, the nonresonant magnetic scattering amplitude can be written as follows:
In this expression k and k Ј are the incident and scattered photon directions, Q = k Ј− k is the momentum transfer, and S͑Q͒ is the Fourier transform ͑magnetic form factor͒ of the spin density, respectively. In the channel, one measures the component of moments normal ͑ʈ͓1 1 0͔͒ to the scattering plane, whereas, in the channel, moments lying within the scattering plane are measured. Note that, in this channel although the form factor decreases with increasing Q, the prefactor varies as Q 2 , making magnetic scattering slightly stronger compared to that in the channel at the same momentum transfer. The magnetic peak strength in the channel simply decreases with increasing Q according to S͑Q͒. Furthermore, diffuse scattering ͑due to thermal and static disorder͒, which constitutes a significant background in the channel and increases as Q 2 , makes the magnetic scattering in this channel more difficult to observe. Indeed, there was no detectable magnetic peak in the channel consistent with the behavior of the cross section and diffuse scattering background. The lower Q region is not accessible in the scattering geometry employed to look for magnetic scattering in the channel.
In their magnetic ground state, the copper moments antiferromagnetically order within the square CuO 2 planes with moments parallel to these planes. In YBCO, there are two such planes ͑bilayers͒ in a unit cell, and the moments in these neighboring planes are antiparallel to each other. Due to this anparallel spin alignment the integrated intensity ͉͑F mag ͉ 2 ͒ of magnetic Bragg peaks varies as sin 2 ͑zl͒, where z is the interlayer separation in units of c, and l is the Miller index, along the ͓001͔ direction. Measured integrated intensities, corrected for geometric factors, of some magnetic peaks, illustrate this sinusoidal modulation convincingly ͑Fig. 3͒. For comparison the behavior of the intensities in the case of parallel ͑ferromagnetic͒ alignment of moments in these bilayers is also shown by the dashed line ͑Fig. 3͒, which manifestly disagrees with the data.
The temperature dependence of the integrated intensity of the strongest peak, ͑ 1 2 , 1 2 ,9 ͒ , was studied in detail ͑x ϳ 0.14͒, as shown in Fig. 4 . Although there is some scatter in the data, the general trend is clear: a gradual decrease of intensity with increasing temperature. At 415 K no detectable intensity beyond the background was found. The entire temperature dependence can be described using a power law temperature of 405± 10 K consistent with the expected transition temperature for this composition. Note that, in order to take into account the decrease in intensity due to thermal vibrations, we have included an exponential term with the Debye-Waller factor ͑DWF͒ of Cu ͑W Cu ͒ in the CuO 2 planes, in our modeling. The temperature dependent DWFs were estimated from Ref. 18 .
As discussed above a low-temperature cell-doubling structure has been observed in a sample of YBCO with x ϳ 0.35. Figure 5 shows scans through the ͑ ͒ points taken on our sample with x ϳ 0.20, at which the low-T phase is more likely to occur. While the q AF is observed, no signs of the cell-doubling structure are visible above the background. Our observation is consistent with the fact that a long-range-ordered low-T phase forms above an O concentration of x ϳ 0.2, or the magnitude of the ordered moments in the CuO chains is significantly smaller. Since the intensity of nonresonant magnetic scattering scales with the square of the ordered moments, we estimate an upper limit of this moment to be ϳ0.2 B noting that the ordered moment in the CuO 2 planes is ϳ0.6 B .
To summarize, we report a "benchmark" study of direct nonresonant magnetic scattering of x rays from the AF phase of YBCO insulators. Magnetic Bragg peaks due to the AF state were measured entirely in the -to-channel, and their intensities were consistent with the known AF structure and magnetic scattering cross section. According to our measurements, the AF state characterized by q AF in both the samples is very coherent ͑ ϳ 1000 Å͒, consistent with the high quality of these crystals. Our work demonstrates how the nonresonant scattering technique can successfully study longrange-ordered spin-1 2 moments in oxides. Resonant x-ray scattering study performed on PBCO observed a twofold increase of the magnetic scattering intensity at the Cu K edge relative to the scattering intensity just below the edge. 17 To date, no such studies have been performed on pure YBCO. Although the resonant enhancement is small a polarizationanalyzer setup optimized for use exactly at the Cu K edge can improve the sensitivity to smaller moments and will be essential for future magnetic studies in cuprates.
